1. Introduction {#sec1-genes-11-00627}
===============

The extent to which phenotypes are a result of genetic versus environmental factors is a longstanding question in genetics. Behavior is a particularly intriguing phenotype due to its variability, complexity, and essential functions in organism fitness. What are the identities of genes contributing to this variation? Classical forward and reverse genetics approaches have identified pathways underlying key behaviors such as aggression \[[@B1-genes-11-00627]\], circadian rhythm \[[@B2-genes-11-00627]\], and courtship \[[@B3-genes-11-00627]\]. Other approaches have utilized genetic crosses to map quantitative traits to genomic regions, or leverage natural variation and genome sequence data to investigate the genetic basis of quantitative traits (Quantitative Trait Locus mapping and Genome Wide Association studies, reviewed in \[[@B4-genes-11-00627]\]). While these techniques are powerful, they may require a combination of genomic data, genetic manipulation tools, large sample sizes, and extensive crosses, thus limiting them to model systems.

To determine how general these findings from model systems are across organismal diversity, new tools have been developed to study the specific genes involved in behavior in non-model systems. One such strategy to identify candidate genes is to use a comparative genomics approach, examining the evolution of gene sequences between close relatives with phenotypic divergence in the trait of interest. Genes with molecular signatures of divergent selection, as compared to the rest of the genome, are candidates for involvement with the phenotype \[[@B5-genes-11-00627],[@B6-genes-11-00627],[@B7-genes-11-00627]\]. One signature is increased rates of nucleotide substitutions that are predicted to cause functional changes in the resulting protein, indicated by elevated rates of nonsynonymous substitutions as compared to rates of synonymous substitutions (dN/dS) \[[@B8-genes-11-00627]\]. Because this approach is based on sequence data, it can be used in non-model systems where lab culture, genetic manipulation tools, and large sample sizes are difficult to impossible to achieve. Importantly, reference genomes are not a prerequisite for this approach---examining coding sequences genome wide via an assembled transcriptome is sufficient to identify genes with elevated dN/dS \[[@B9-genes-11-00627],[@B10-genes-11-00627],[@B11-genes-11-00627]\]. For example, a comparative transcriptomic approach identified candidate genes related to songbird behavior, including *DPM1*, a gene involved in axonogenesis and eating behavior \[[@B9-genes-11-00627]\]. Because behaviors are often complex and extremely variable within and across taxa, identifying candidate genes is not a trivial task. One strategy to mitigate this is to study a system with a well-defined behavior.

Fireflies (Coleoptera: Lampyridae) fit this criterion, with well-characterized stereotyped behaviors and variation in these behaviors across species. Furthermore, growing genomic resources make fireflies an excellent non-model system in which to study the genetic basis of behavior \[[@B12-genes-11-00627],[@B13-genes-11-00627],[@B14-genes-11-00627],[@B15-genes-11-00627],[@B16-genes-11-00627]\]. In North American species, nocturnal males flash species-specific bioluminescent signal patterns to females in the vegetation. The female then replies with a species-specific flash response, and the pair continue to communicate until the male locates the female and they mate \[[@B17-genes-11-00627]\]. In the genus *Photinus*, each species has a single species-specific mating flash pattern in its repertoire and differences in these patterns are hypothesized as the primary mechanism for prezygotic reproductive isolation between species \[[@B18-genes-11-00627]\]. Because flash patterns are generally diagnostic to species, they are used as the primary identification of an individual to species in the field.

In contrast to other North American fireflies, many species in the genus *Photuris* have multiple flash patterns in their repertoire, making them difficult to identify with flash pattern data. Notably, while the adults of most firefly species do not eat \[[@B19-genes-11-00627]\], *Photuris* are known for their predatory nature. Termed *femme fatales*, *Photuris* females prey upon other fireflies to gain nutrients as well as to sequester prey-produced cardiotoxins (lucibufagins) into their eggs as a chemical defense \[[@B20-genes-11-00627]\]. Male *Photuris* will eat other fireflies in the lab \[[@B21-genes-11-00627]\], though there is no direct observational support for male predation in the field. Female *Photuris* predation follows three main strategies---stealing trapped fireflies from spiderwebs (kleptoparasitism) \[[@B22-genes-11-00627]\], capturing individuals mid-flight (aerial hawking) \[[@B23-genes-11-00627]\], or luring males of other species by mimicking their species-specific female response flashes (aggressive mimicry) \[[@B24-genes-11-00627]\]. In lab studies using reared and wild-caught individuals, virgin female *Photuris* respond to their species-specific mating signal, then switch to primarily responding to prey species flash patterns 24 to 72 hours after successful mating \[[@B25-genes-11-00627]\]. Thus, female *Photuris* not only recognize and produce their own species-specific mating flash pattern, but also mimic prey-species flash patterns, depending on their *femme fatale* status. This behavior likely has a genetic basis as there is no parental care in fireflies, and lab-reared *Photuris* offspring exhibit the behavior \[[@B25-genes-11-00627]\]. Because these predatory behaviors are highly dependent on vision, recognition and production of prey species flash patterns, and the ability to digest and process toxins, genes involved in these processes may contribute to the complex *femme fatale* phenotype and are predicted to be under positive selection between predatory and non-predatory species.

Not all *Photuris* species exhibit predatory behavior to the same degree. The genus is divided into two major groups---the *versicolor* group (17 species) and the *frontalis* group (four species), based on morphology and predatory status \[[@B19-genes-11-00627],[@B23-genes-11-00627],[@B26-genes-11-00627],[@B27-genes-11-00627]\]. Species in the *versicolor* group are voracious predators with complex flash repertoires and virtually identical morphology, making them difficult to identify to species, while those in the *frontalis* group are not predatory and have distinct flash patterns \[[@B19-genes-11-00627]\]. For example, male *Photuris frontalis (frontalis* group) flash once every \~0.5 seconds, often synchronizing their flashes \[[@B23-genes-11-00627]\]. *Pt. frontalis* females respond to this pattern with their species-specific reply. In contrast, *Photuris versicolor* (*versicolor* group) males flash six times in quick succession, pausing for five seconds before flashing another six times \[[@B28-genes-11-00627]\] *Pt. versicolor* females may be responsive to this pattern, emitting their species-specific reply, or instead, as *femme fatales*, respond primarily to the male flash pattern of their prey species, emitting the corresponding prey female reply. Importantly, transcriptome data are publicly available for one representative of the *versicolor* group, *Photuris* sp. (unidentified to species due to morphological similarity within the *versicolor* group), and one from the *frontalis* group, *Pt. frontalis* \[[@B13-genes-11-00627]\].

In this study, we applied molecular evolutionary analysis on a transcriptome-wide scale to identify candidate genes involved in *Photuris* predatory behavior ([Figure 1](#genes-11-00627-f001){ref-type="fig"}). To do this, we generated *de novo* transcriptome assemblies from available datasets for three firefly species that differ in their adult feeding behavior (*Photinus pyralis*---non-predatory, *Pt. frontalis*---non-predatory *Photuris*, *Pt.* sp.---predatory *Photuris*). We then used an established computational pipeline to identify gene families under positive selection in pairwise comparisons among the taxa. Finally, we investigated the potential identity and functions of these gene families using sequence homology search strategies. Using this approach, we generated improved assemblies for two species, *Pt. frontalis* and *Pt.* sp., and identified 29 gene families with evidence for positive selection in our pairwise comparisons. Of these gene families, nine were under positive selection only in comparisons between predatory and non-predatory *Photuris* species. Sequence homology searches of these genes revealed their potential involvement in vision, digestion, detoxification, and neural processes.

2. Materials and Methods {#sec2-genes-11-00627}
========================

2.1. Experimental Design {#sec2dot1-genes-11-00627}
------------------------

To identify candidate genes involved in predation, we investigated positive selection on coding sequences in pairwise comparisons between three firefly species: *Pt. frontalis*, *Pt.* sp., and *Pn. pyralis*. Genes identified as under positive selection in the within-*Photuris* comparison between *Pt. frontalis* (non-predatory) and *Pt. sp* (predatory) are candidates for involvement in predatory behavior. To rule out genes evolving under positive selection in general in fireflies due to other phenotypic differences, such as a species-specific flash pattern, circadian rhythm, and adaptations to different habitats, we also compared both *Photuris* species with a species outside the genus, *Pn. pyralis* (non-predatory).

2.2. Transcriptome Assembly and Assessment {#sec2dot2-genes-11-00627}
------------------------------------------

To ensure that assemblies were compatible with downstream analysis software and to potentially improve published assembly quality, we *de novo* assembled transcriptomes for each species. Briefly, all available paired-end reads for RNA sequencing datasets for each species were downloaded from the NCBI database using fastq-dump from the SRAToolkit v2.9.2 \[[@B29-genes-11-00627]\]. This included reads derived from a single male's head tissue for *Pt.* sp., a single male's head tissue from *Pt. frontalis,* and 30 tissues from multiple males, females, eggs, and larvae for *Pn. pyralis* ([Supplementary Table S1](#app1-genes-11-00627){ref-type="app"}) \[[@B15-genes-11-00627],[@B30-genes-11-00627],[@B31-genes-11-00627],[@B32-genes-11-00627]\]. Reads were then assembled *de novo* using Trinity v2.8.4 \[[@B33-genes-11-00627]\]. For quality control, the \--trimmomatic flag was used to trim the reads, following best practices for *de novo* assembly \[[@B34-genes-11-00627]\]; otherwise, default parameters were used.

Because data from only a single tissue from a single sex were available to generate transcriptome assemblies for *Pt.* sp. and *Pt. frontalis*, it is possible that genes involved in predation could be missed if they were not expressed in the sample. To investigate how this limited data might affect our results, we calculated the completeness of our assemblies using Benchmarking Universal Single-Copy Orthologs (BUSCO) v3.3.1 \[[@B35-genes-11-00627]\], comparing the Trinity assemblies to the endopterygota database of conserved genes. To explore how using different numbers of individuals in the transcriptome assemblies may have affected our results, we also conducted an analysis using only male head data for all three taxa ([Supplemental Text 1](#app1-genes-11-00627){ref-type="app"}). Results were qualitatively similar, and thus, we present the results using the more comprehensive dataset with multiple *Pn. pyralis* RNAseq datasets below.

2.3. Site-Specific Positive Selection Analysis {#sec2dot3-genes-11-00627}
----------------------------------------------

To identify genes with evidence for positive selection at amino acid sites, we ran Families Under Selection in Transcriptomes (FUSTr) \[[@B36-genes-11-00627]\] on each of our three pairwise species comparisons. We chose to use a pipeline that tests amino acid sites rather than averaging over the entire coding sequencing because genes may experience positive selection at specific sites while being conserved overall. In addition, FUSTr has several advantages over existing comparative genomics pipelines: it is fast, handles *de novo* transcriptome assemblies by predicting transcriptomic open reading frames (ORFs), and takes into account isoforms prior to sequence analysis \[[@B36-genes-11-00627]\]. Briefly, FUSTr uses the engine workflow SnakeMake \[[@B37-genes-11-00627]\] to automate the following pipeline: it first predicts ORFs using Transdecoder \[[@B38-genes-11-00627]\], retaining the longest isoform. It then identifies gene families by using the programs BLASTp \[[@B39-genes-11-00627]\] to detect sequence similarity among ORFs (e-value: 10^−5^), and SiLiX \[[@B40-genes-11-00627]\] to cluster the gene sequences into putative gene families (groups of homologous genes) based on this similarity. Finally, it detects significant amino acid site-specific positive selection in gene families with 15 or more sequences using Fast Unconstrained Bayesian AppRoximation (FUBAR; \[[@B8-genes-11-00627]\]). FUBAR uses a Bayesian approach to calculate the posterior probability that a site is under positive selection. Gene families must have a minimum of 15 sequences to achieve the statistical power to detect site-specific selection. A positively selected site will have a posterior probability of \> 0.9 for β \> ⍺, where β = dN and ⍺ = dS \[[@B8-genes-11-00627]\]. While FUSTr can also estimate positive selection using likelihood-based methods (i.e., codeml; \[[@B41-genes-11-00627]\]), we chose to use FUBAR because its approach, averaging over a large number of site classes with unconstrained dN/dS values, has increased statistical power \[[@B8-genes-11-00627]\]. Because it uses a Markov chain Monte Carlo approach, it can also process large sequencing datasets quickly.

2.4. Functional Annotation {#sec2dot4-genes-11-00627}
--------------------------

To identify positively selected genes and infer their putative functions, we first extracted and concatenated the individual sequences of the genes in each gene family identified as under selection and concatenated into a single FASTA file for each gene family. We then used these files as queries in a tBLASTx (e-value = 1e^−5^) search against the NCBI nucleotide (nt) database \[[@B39-genes-11-00627]\].

3. Results and Discussion {#sec3-genes-11-00627}
=========================

3.1. De Novo Assembly Results in Relatively Complete Transcriptomes for All Three Species {#sec3dot1-genes-11-00627}
-----------------------------------------------------------------------------------------

At least 2 Gb of sequence data were used to assemble transcriptomes for each species ([Supplementary Table S1](#app1-genes-11-00627){ref-type="app"}). The two resulting *Photuris* assemblies have similar GC contents, as expected for closely-related species ([Table 1](#genes-11-00627-t001){ref-type="table"}), and higher BUSCO completeness scores than previously published assemblies (\~91% vs. \~88%; [Table 2](#genes-11-00627-t002){ref-type="table"} and [Supplemental Table S3](#app1-genes-11-00627){ref-type="app"}), demonstrating improvements in Trinity versions since initial assembly publication \[[@B13-genes-11-00627]\]. The new *Pn. pyralis* assembly is less complete than the recently published reference gene set (93.5% vs. 95.2%; \[[@B15-genes-11-00627]\]), likely reflecting differences in assembly methods (e.g., including evidence from HMM models), but is compatible with downstream FUSTr analysis. Even with 44 times the input data (102.5 Gb vs. an average of 2.4 Gb), the *Pn. pyralis* assembly with multiple tissues is only 2.6% more complete than the average *Photuris* assembly (93.5% vs. average 91.1%; [Table 2](#genes-11-00627-t002){ref-type="table"} and [Supplemental Table S3](#app1-genes-11-00627){ref-type="app"}). These relatively high completeness scores indicate that we captured the majority of conserved genes in our assemblies.

3.2. Species Comparisons Identify Gene Families under Selection {#sec3dot2-genes-11-00627}
---------------------------------------------------------------

Across all comparisons, FUSTr found a total of 1116 genes in 29 families with evidence for positive selection (mean = 38.5 genes per family, range: 15--156). Of these genes, 56.45% had a BLAST hit with an e-value less than 1e^−5^, suggesting that almost half of the genes identified as positively selected are either difficult to detect by BLAST due to extensive divergence at individual domains, or are unique to fireflies. These results indicate that future functional annotation of the firefly specific genes is necessary to understand their role in the divergent processes in fireflies.

### 3.2.1. Predatory vs. Non-Predatory *Photuris* Comparison {#sec3dot2dot1-genes-11-00627}

In the *Pt.* sp. (predatory) versus *Pt. frontalis* (non-predatory) comparison, we identified nine gene families under positive selection ([Figure 2](#genes-11-00627-f002){ref-type="fig"}). These families represented 20.45% of all gene families analyzed (families with more than 15 sequences) ([Table 3](#genes-11-00627-t003){ref-type="table"}). Each gene family was comprised of sequences from both species ([Supplementary Table S4](#app1-genes-11-00627){ref-type="app"}). The number of sites with a posterior probability of positive selection \> 0.9 ranged from 1--4 sites per family (mean = 2, sd = 1.2 sites per family; [Supplemental Table S4](#app1-genes-11-00627){ref-type="app"}). This was greater than the number of sites per family for any other comparisons (predatory *Pt* sp. vs. *Pn. pyralis*: mean = 1.17, sd = 0.4; non-predatory *Pt. frontalis* vs. *Pn. pyralis*: mean = 1.4, sd = 0.52; [Supplemental Tables S5 and S6](#app1-genes-11-00627){ref-type="app"}).

#### Genes Involved in Vision, Digestion and Detoxification, and Egg Provisioning Are Candidates for Adaptation to Predation

To successfully prey upon other fireflies, *Pt.* sp. had to evolve to detect, digest, and survive the lucibufagin chemical defenses of their prey. In concordance with our predictions, genes identified as under positive selection in the comparison between predatory and non-predatory *Photuris* are related to these potential adaptations ([Figure 2](#genes-11-00627-f002){ref-type="fig"}). (i) Vision---retinol dehydrogenases are crucial in creating retinal, a major component of the visual cycle in animals \[[@B42-genes-11-00627]\]. (ii) Digestion and detoxification---cystinosin homolog and glutathione S-transferases are both involved in digestion \[[@B43-genes-11-00627],[@B44-genes-11-00627]\]. In particular glutathione S-transferase is a powerful antioxidant that has been linked to detoxification in other insects, including the model beetle, *Tribolium castaneum*, by increasing the solubility of toxins for easy removal \[[@B44-genes-11-00627]\].

Female *Photuris* predatory behavior may have evolved not only to gain nutrients, but to acquire prey lucibufagins to provision into their eggs as a chemical defense \[[@B45-genes-11-00627]\]. Our results suggest a putative mechanism for lucibufagin provisioning. We identified farnesol dehydrogenase, an important component in the production of juvenile hormone (JH) \[[@B46-genes-11-00627]\] as under positive selection. While JH affects many diverse processes, such as eclosion and metamorphosis, it is a major gonadotropin that regulates mating behavior, oviposition behavior, and vitellogenin synthesis in female insects \[[@B47-genes-11-00627]\]. Vitellogenin undergoes post-transcriptional processing, which enables it to carry other molecules to the ovaries, where it becomes part of the main nutritional reserves in the egg yolk \[[@B47-genes-11-00627]\].

#### Juvenile Hormone, Serine Proteases, and *lola* May Be Involved in Neural Processes Underlying Predation

In addition to physiological adaptations to predation, there are also major behavioral components to the *Photuris femme fatale* phenotype---females initially respond to their species-specific mating flash pattern and then switch to aggressive mimicry of prey species' flash patterns after mating \[[@B25-genes-11-00627]\]. Because juvenile hormone regulates mating behavior and oviposition behavior, it may also regulate this behavioral switch to aggressive mimicry. Our analysis identified two other gene families with sites under positive selection with potential neural functions, serine proteases, and longitudinals lacking proteins (*lola*). Serine proteases are generally known for their function in digestion, and one midgut-specific serine protease has been identified in the larvae of the firefly *Pyroceoelia rufa*, likely involved in digesting their snail-based larval diet \[[@B48-genes-11-00627]\]. However, members of this large gene family have been linked to diverse functions including immunity and development, and there is evidence that serine proteases are broadly involved in synaptic function, impacting cognition and behavior, which would be more likely to be found in our head transcriptomes \[[@B49-genes-11-00627],[@B50-genes-11-00627],[@B51-genes-11-00627],[@B52-genes-11-00627],[@B53-genes-11-00627],[@B54-genes-11-00627]\]. Because our data are from head transcriptomes, we do not expect to find midgut-specific proteins, and thus, the serine proteases identified may be involved in neural processes. On the other hand, *lola* is a transcription factor involved in axon guidance and growth \[[@B55-genes-11-00627]\]. In *Drosophila melanogaster*, *lola* interacts with *fruitless* to affect the number, structure, and function of cells in neural circuits underlying sexually-dimorphic courtship behavior \[[@B56-genes-11-00627]\]. Future expression and functional studies on *lola* and serine proteases may illuminate their effects on predatory behavior in fireflies.

### 3.2.2. *Photuris*-*Photinus* Comparisons {#sec3dot2dot2-genes-11-00627}

We identified 12 gene families with amino acid sites under positive selection in the *Pt.* sp. (predatory) and *Pn. pyralis* (non-predatory) comparison, comprising 24.49% of gene families analyzed ([Table 3](#genes-11-00627-t003){ref-type="table"}), a higher percentage than the other comparisons. In contrast, the *Pt. frontalis* (non-predatory) and *Pn. pyralis* (non-predatory) comparison had the lowest number and percentage of gene families under positive selection with eight families, comprising 16.67% of the total families analyzed ([Table 3](#genes-11-00627-t003){ref-type="table"}). The higher proportion of gene families under positive selection in the *Pt.* sp.-*Pn. pyralis* comparison could be because these two species are the most phenotypically divergent and are also in different genera.

#### Diapause, Immunity, and Venom Proteins Are Identified in Non-Predatory Photuris-Photinus Comparisons

In the non-predatory *Pt. frontalis* and *Pn. pyralis* comparison, positively selected genes are involved in other biological processes than predatory behavior ([Figure 2](#genes-11-00627-f002){ref-type="fig"}). For example, kielin/chordin-like protein has been shown to enhance bone morphogenic protein (BMP) signaling, which has been shown to regulate insect diapause \[[@B57-genes-11-00627],[@B58-genes-11-00627]\]. Firefly species emerge at different times over the course of the season, indicating potential differences in diapause regulation. Antichymotrypsin-2 is a protein belonging to the serpin family. Serpins are a superfamily of serine protease inhibitors that are largely involved in innate immunity in insects \[[@B59-genes-11-00627]\]. 4-coumarate-CoA ligase was also found as under selection, and it has been found to be a venom protein in the parasitoid wasp, *Tetrastichus brontispae.*

#### Candidate Genes Identified in the Predatory *Pt.* sp. and Non-Predatory *Pn. pyralis* Comparison Are Implicated in Both Predation and in Other Phenotypic Variation

Many of the proteins we identified as positively selected in the *Pt.* sp. (predatory) and *Pn. pyralis* (non-predatory) comparison have diverse functions, and may be under positive selection due to other divergent processes than predatory behavior ([Figure 2](#genes-11-00627-f002){ref-type="fig"}). For example, we found spermine oxidases, part of the polyamine family of proteins, which are involved with cell differentiation, growth, and apoptosis \[[@B60-genes-11-00627],[@B61-genes-11-00627]\]. Due to its diversity of function and ubiquity, the identification of spermine oxidases is likely due to general divergent factors. We also identified odorant binding proteins (OBPs) that are crucial in olfaction \[[@B62-genes-11-00627]\]. However, only one sequence of OBPs was from *Pt.* sp., suggesting that much of the selection detected in this gene family is due to within-*Photinus* sequence evolution.

However, it is possible that genes involved in predatory behavior may be positively selected, because this is still a predatory versus non-predatory comparison. In one such example, we identified juvenile hormone acid o-methyltransferase (*JHAMT*), which is involved in the late stages of JH synthesis \[[@B63-genes-11-00627]\]. Again, JH has diverse functions, but is also a major gonadotropin involved in vitellogenin synthesis \[[@B47-genes-11-00627]\], adding to the support that JH is an important component of predatory behavior in *Pt.* sp.

Also related to reproductive processes, we identified glucose dehydrogenase as positively selected, which catalyzes the reaction from β-D-glucose to δ-gluconolactone \[[@B64-genes-11-00627],[@B65-genes-11-00627]\]. This reaction is a necessary step in eclosion in *Drosophila melanogaster* \[[@B66-genes-11-00627]\]. However, glucose dehydrogenase is also utilized in sperm storage and utilization in the spermatheca of female *Drosophila* \[[@B67-genes-11-00627]\]. Because aggressive mimicry in *Pt.* sp. only occurs after successful fertilization, sperm storage and utilization may affect this behavior \[[@B25-genes-11-00627]\].

We also identified Trehalose transporter proteins, which are digestive proteins involved in the reuptake of trehalose in the Malpighian tubules of insects \[[@B68-genes-11-00627]\]. Trehalose is the main sugar nutrient in most insects and also plays a role in protection against heat, cold, and desiccation (reviewed in \[[@B69-genes-11-00627],[@B70-genes-11-00627]\]). In addition to general digestion, we identified UDP-glucuronosyltransferases (*UGT*) that can facilitate detoxification \[[@B71-genes-11-00627]\]. UGTs do have other functions that may not be involved in predatory behavior, such as olfaction, cuticle formation, and pigmentation \[[@B72-genes-11-00627],[@B73-genes-11-00627],[@B74-genes-11-00627]\].

Adding to the morphological genes putatively involved in predatory behavior, we also identified takeout proteins and takeout-like proteins, which have been found to be involved in male courtship behavior of *Drosophila* \[[@B75-genes-11-00627]\]. Specifically, a knockout experiment showed reduced probability that male *Drosophila* would court females past the initial steps of orientation and following. Takeout proteins could be under positive selection due to either predatory behavior, because of aggressive mimicry, or just general differences in courtship behavior.

### 3.2.3. Positively Selected Genes Common to All Comparisons {#sec3dot2dot3-genes-11-00627}

Found in both of the control comparisons, ubiquinone biosynthesis o-methyltransferase functions in the ubiquinone biosynthesis pathway \[[@B76-genes-11-00627]\]. Ubiquinone is found in all eukaryotes and functions as part of the respiratory electron transport system within the inner mitochondrial membrane. Additionally, ubiquinol, a reduced form of ubiquinone is found to help prevent oxidative damage \[[@B76-genes-11-00627],[@B77-genes-11-00627],[@B78-genes-11-00627]\]. This may be a major difference between *Photuris* and *Photinus*, because it was found in only the comparisons that compared the two genera.

Zinc finger proteins were found to be under divergent selection in all comparisons. These proteins have diverse functions, including involvement with *lola* function \[[@B56-genes-11-00627]\]. Zinc finger proteins are one of the most widely abundant transcription factors for DNA-binding in eukaryotes (reviewed in \[[@B79-genes-11-00627]\]). In both of the *Photinus*-*Photuris* comparisons, two gene families with homology to zinc finger proteins were identified as under positive selection. However, each of those families is composed of sequences from only one species in the comparison. This suggests that these proteins are under positive selection for functional divergence of gene duplicates within-species, as observed in other metazoans \[[@B80-genes-11-00627]\]. Our pipeline did not cluster these proteins from *Photuris* and *Photinus* together, possibly due to extensive divergence. The ubiquity of zinc finger protein identification by our pipeline and their known diversity across animal taxa suggests that these proteins may be diverging among all species of fireflies.

3.3. Implications for Evolution of Predation in Fireflies {#sec3dot3-genes-11-00627}
---------------------------------------------------------

Our results, leveraging the power of high-throughput sequencing and comparative analysis in non-model organisms, provide a first intriguing glimpse into genes potentially involved in the *femme fatale* predatory phenotype. Importantly, these results generate specific hypotheses for genes potentially related to predation in fireflies that can be tested in future studies. It is possible that future work will identify additional genes implicated in this behavior. Here, we were limited to analysis of existing male head-specific datasets for both *Photuris* species. Due to existing evidence that males can prey upon other fireflies and may do so in the wild, we expect that genes involved in predation are included in our analysis \[[@B23-genes-11-00627]\]. However, any genes expressed only in *Photuris* females during predatory behavior may be missing from the analysis. Additionally, any genes involved in adult predatory behavior that are expressed in tissues other than the head, such as the abdominal ganglia, may be missing. Future RNA-seq studies to investigate the expression of these genes in relation to the predatory phenotype across species, tissues, life stages, and sexes will provide more complete transcriptome assemblies and additional support for the roles of these candidate genes in predation. Furthermore, functional characterization of candidate proteins will provide functional confirmation of their roles in predation. Finally, the genes we identified could have implications for other predatory/feeding behaviors and behavioral switches across insects, such as feeding behavior in mosquitos \[[@B81-genes-11-00627]\] and temporal polyethism in honey bee nest behavior \[[@B82-genes-11-00627]\], helping us to untangle the genetic intricacies of phenotypic variation in complex behaviors across insects.
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###### 

Assembly statistics for three firefly species. Statistics compiled from Trinity assembly assessment output (script name/flags). N genes = number of unique genes in assembly, N transcripts = number of unique transcripts (including isoforms) in assembly. GC (%) = GC content percentage in assembly. Median length (bp) = median length of longest isoforms per gene. Mean length (bp) = mean length of longest isoforms per gene. N bases = number of total bases in assembly based on longest isoforms per gene only. N50 = N50 statistic based on longest isoforms per gene only. Assembly statistics for all transcripts, not just longest isoforms, are given in ([Supplemental Table S2](#app1-genes-11-00627){ref-type="app"}).

  Species                N Genes   N Transcripts   GC (%)   Median Length (bp)   Mean Length (bp)   N Bases      N50
  ---------------------- --------- --------------- -------- -------------------- ------------------ ------------ ------
  *Photuris frontalis*   40,547    58,028          34.65    405                  866.46             35,132,369   1693
  *Photuris* sp.         38,303    56,626          34.43    402                  901.44             34,527,893   1820
  *Photinus pyralis*     130,648   188,474         38.96    346                  634.52             82,898,270   902
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###### 

Benchmarking Universal Single-Copy Orthologs (BUSCO) assembly scores. C = Complete BUSCOs. S = Complete and single-copy BUSCOs. D = Complete and duplicated BUSCOs. F = Fragmented BUSCOs. M = Missing BUSCOs.

  Species                C (%)   S (%)   D (%)   F (%)   M (%)
  ---------------------- ------- ------- ------- ------- -------
  *Photuris frontalis*   90.9%   62.2%   28.7%   4.9%    4.2%
  *Photuris* sp.         91.3%   59.6%   31.7%   4.4%    4.3%
  *Photinus pyralis*     93.5%   46.3%   47.2%   3.9%    2.6%

genes-11-00627-t003_Table 3

###### 

FUSTr results. Comparison = the two species FUSTr compared in its analysis. N input transcripts = number of transcripts input into FUSTr. N isoforms disregarded = number of isoforms removed from analysis. N transcripts used = number of transcripts used by FUSTr. N families = number of gene families found in each comparison. N families with \> 15 sequences = number of gene families with greater than 15 sequences. N families with β \> α = number of gene families found to be under strong positive selection.

  Comparison                          N input Transcripts   N Isoforms Disregarded   N Transcripts Used   N Families   N Families with \> 15 Sequences   N Families with β \> α
  ----------------------------------- --------------------- ------------------------ -------------------- ------------ --------------------------------- ------------------------
  *Pt.* sp. vs. *Pt. frontalis*       114,654               29,237                   46,371               36,387       44                                9
  *Pt.* sp. vs. *Pn. pyralis*         245,100               49,882                   71,700               62,055       49                                12
  *Pt. frontalis* vs. *Pn. pyralis*   246,502               49,025                   74,039               64,354       48                                8
